Abstract Instabilities in rotating detonation are concerned because of their potential influence on the stability of operation. Previous studies on instability of 2-D rotating detonation mainly cared about the one of the contact discontinuity originated from the conjunction of the detonation and oblique shock. Hishida et al. first found the rippled structure existed in the interface between fresh injections and burnt product from the previous cycle (Shock Waves 19, 2009:1-10), and a mechanism of Kelvin-Helmholtz instability was suggested as well. Similar structures were observed as well in simulations by current authors, where a fifth-order WENO-type scheme with improved resolution and 7-species-and-8-reaction chemical model on H 2 /air mixture were used for solving Euler equations. In order to achieve a deep understanding on the flow mechanism, more careful simulations are carried out by using three grids with increasing resolution. The results show that besides the previously-mentioned Kelvin-Helmholtz instability, there are two other mechanisms which take effect in the interface instability, i.e., the effect of baroclinic torque and Rayleigh-Taylor instability. Occurrence conditions for two instabilities are checked and testified.
Because in experiments rotating detonation usually runs inside a solid annular chamber at the speed of kilometers per second, detailed diagnostic is difficult and explicit information of flow structure is usually limited. In this regard, numerical simulation can serve as a powerful tool to reconstruct the flow field with enough details. Furthermore, parametric studies are observed by simulations to explore existence domains and operation boundaries [7] [8] [9] . Despite the advantages, it should be mentioned that large simplifications are usually applied in simulations, e.g., the use of 2-D model by unwrapping 3-D annular configuration, the pre-mixture assumption of reactants, simplif ied chemical model, neglecting of injection details and the absence of viscosity in many studies. Even so, simulations are expected to reveal the main mechanism in rotating detonation.
With the advancement of computational fluid dynamics, more details start to be considered in simulations, e.g., the injection process though nozzles was simulated in Ref. [10] and the viscosity was considered in Refs. [11] [12] .
From literatures, the basic structures of rotating detonation is known as [4] : before the detonation wave, there is a triangular zone of fresh combustibles, where pre-mixtures are kept feeding and increase the height until meeting the detonation; within the detonation, isochoric-like reaction happens and reactants are consumed; after the detonation, a region with high pressure appears followed by rarefactions; at the longitudinal end of the detonation, an oblique shock wave is formed and directs axial downstream due to the lateral expansion of products; at the conjunction of the shock wave with the detonation, a contact discontinuity is generated and usually induces flow instability. The circumferential downstream of detonation is connected to the beginning of reactants injection due to the annular circulation, and sometimes multiple detonations might occur depending on situations. With the advances of simulations, more details are discovered continuously [1, 3, 6, 8, [12] [13] [14] .
The stable operation of RDE is one of targets pursued by investigators. There are many factors influencing the operation, and one of which might be the flow instability. The instability problem is also interested by fundamental researches. As mentioned before, the contact discontinuity is widely reported by literatures, which is apt to cause instability and generate vortices. In Ref. [3] , it is stated that the contact surface which lays between the newly injected propellants and the previously burnt products should be concerned, which might destabilize the detonation wave by reducing its height or degenerating the detonation into deflagration. In Ref.
[14], Hishida et al. first reported the existence of rippled structures at aforementioned interface of a 2-D simulation. They conjectured that the structure might arise from Kelvin-Helmholtz ( K-H) instability. To confirm this, the convective velocity was predicted and compared with the one derived from the simulation. A fair agreement was obtained. However, the structure of ripples is not distinct enough and it is not known if the K-H instability should be the only mechanism.
In order to further explore the uncertainties, numerical simulations are carried out by using a fifth-order WENO-type scheme [15] and 7-species-and-8-reaction chemical model. In Ref. [15] , the scheme has manifested its high resolution to resolve subtle flow structures along slip line, and the capability is just needed by current investigation. In Section 2, numerical methods and their validations are first introduced. In Section 3, results of simulation are generally introduced. In Section 4, instabilities at the interface between fresh injections and burnt products are analyzed in detail, where two other mechanisms are proposed besides the previous Kelvin-Helmholtz instability. At last, the conclusion is drawn in Section 5.
Numerical methods.

Governing equations.
Although the viscosity takes effect as mentioned in Ref. [11] , the inviscid Euler equations with chemical reactions have been widely employed because of the much less computational cost. Hence the non-dimensional Euler equations are chosen in this study with ns-species-and-nr-reaction model considered. On consideration of applicability, the 3-D equations are chosen to solve 2-D problem as:
where 
where ℎ is the specific enthalpy. The non-dimensionalization is carried out and exemplified as * * * * * * *  *  2  2  2 , , ,
where the superscript '*' denotes the dimensional state of variables. In Eq. (2), ℎ is derived from its dimensional counterpart by using polynomial fitting of the temperature such as
where , i j A are coefficients with respect to species and are exemplif ied in the Appendix. The dimensional generation source term * i S is derived from the following reversible reaction model:
where denotes the species in reactions such as H 2 , and are coefficients in the reaction formula, ns is the number of species, and nr is the number of reactions. Then 
where * and − * are constant coefficient of reaction rates, is the collis ion efficiency with the value one in current computation, and where is a switch parameter to identify the triple-object collision, namely, = 1 indicates the collision occurrence and otherwise = 0. * and − * are calculated by Arrhenius law as ( )
where , , and similar counterparts are species-related coefficients. Through Eqs. (1)- (8), the general ns-species-and-nr-reaction model can be implemented with the integration with aerodynamic equations. In this study, a specific 7-species-and-8-reaction one is chosen and corresponding parameters can be found in the Appendix.
On consideration of applicability, Eq. (1) is solved in the general computational coordinate system by the grid transformation: ( , , ) → ( , , ) as
where
� , �̂,̂,̂� = −1 � ⃗ × ⃗ �, and � , � can be obtained similarly.
Numerical schemes.
In order to achieve a simulation with high resolution, the numerical scheme to discretize the derivatives in Eq. (9) is of critical importance. An improved fifth-order WENO [15] is used in this study for spatial discretization, and a brief review is given as following.
Taking the 1-D hyperbolic conservative law as an example,
Suppose the grids are equally partitioned as x j =j∆x where ∆x denotes the interval and j is the grid index, Eq. (10) at x j can be re-written in conservative form as 
where r represents the grid-stencil number (e.g., 3 for the fifth-order WENO5), a can be found in Ref. [16] accordingly. For brevity, the superscript 'r' is dropped afterwards.
The derivation of is by
and usually p=2 and ε=10
-5~1 0 -7 in Ref. [16] . In Eq. (14) , IS k is the smoothness indicator, and ones in Ref. [16] is defined as (called as ) 
In Ref. [15] , new piecewise-polynomial mapping functions were proposed to improve the performance of WENO5, which is fulfilled by invoking a revision on derived by Eq. (13). A fifth-order version of mapping functions is used here as ( )
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At last, the final nonlinear weights will be acquired by normalizing the newly obtained
⁄ . The corresponding scheme is called as WENO-PPM5. In Ref. [15] , the prominent capability of the scheme had been manifested on resolving subtle structures along the contact surface, which should be suitable to investigate instabilities in current study. More details are suggested to Ref. [15] .
For unsteady problems, the evaluation of temporal derivative is quite important. There are at least two approaches for approximations, i.e., the multi-step Runge-Kutta method and the second-order dual time-step method. The former can achieve series accurate orders and the latter is thought to be more stable to handle the "stiff" problem in reaction flows. Currently, it is found that a third-order Total-variation-diminishing (TVD) Runge-Kutta scheme [16] , which is widely used in computational fluid dynamics, works well in problems investigated. Some validating cases will be shown in Section 2.4.
Boundary conditions.
There are three types of boundaries in 2-D flows, i.e., the headwall for injection, exhaust boundary and lateral boundary. The last one is originated from the circumferential configuration of the 3-D annular chamber, and apparently the periodic boundary condition should be used. For the headwall boundary, most of simulations have chosen simplified models other than directly simulating the complexity of the real injection. The simplifications usually lie in two aspects, namely, the pre-mixture assumption of reactants and numerical boundary conditions to simulate unsteady injection [7-9, 12, 14] . In this study, the condition similar to Ref. [7] is chosen where three situations are considered. Let be the pressure extrapolated from the inner field to the headwall, then variables at the head wall ( , , the normal ( ) and tangential ( ) velocity with respect to the wall) are derived according to the following situations:
(1) Blocked state: If > 0 where 0 is the total pressure of the injection, then = 0; P, ρ and will be extrapolated from the inner field. 
and is updated by:
where 0 is the total temperature and is the specific heat ratio of the mixture. is derived by
where 0 = 8.31434J (Mol × K) ⁄ and values of coefficients , are shown in the Appendix. For exhaust boundary, the condition depends on the local Mach number M: if > 1, all variables at the boundary are extrapolated from the inner field; if ≤ 1, similar procedure is implemented except is set as the ambient pressure.
Validating tests.
To verify the computational framework, two cases are tested: the propagation of 1-D detonation and the combustion induced by the shock around a sphere. The governing equations are
Euler equations with the gas mixtures H 2 /Air considered, and a 7-species-and-8-reaction chemical model by Evans & Schexnayder [18] is adopted. The detail of the model can be found in the Appendix. In computations, WENO5-PPM5 is used for discretization and the Steger-Warming scheme is used for flux splitting.
(1) Propagation of 1-D detonation.
The stoichiometric reactants in a 30cm-long tube is considered. The initial conditions in most part of the tube are: = 2 and = 400 . To trigger the detonation, an artificial ignition is imposed at a small region [0, 0.5cm] by setting = 30 and = 6000 . For comparison, the theoretical Chapman-Jouguet (C-J) properties are provided as [7] : the detonation velocity ( ) is 1979.1m/s, C-J pressure is 23.64atm and C-J temperature is 3028.9K. The third-order TVD Runge-Kutta method is used for temporal discretization. Ref. [7] indicated that the accuracy of simulations might influence the propagation speed of discontinuities. Three grid sizes are checked, namely, ∆x=0.5mm, 0.3mm and 0.1mm. The distribution of pressure and temperature with dimension are depicted in Fig. 1 at t=120.0µs under ∆t=10 -3 µs.
From the figure, curves of the pressure and temperature distributions at different ∆x almost fall together respectively, which indicates the convergence of results. In Table 1 , comparisons between the computation and theoretical values are given. From the results, it can be seen that the grid convergence is attained and an acceptable agreement is observed. Hence, the capability of predication on unsteady detonation is indicated. This case is widely used to test the fidelity of simulations on chemical non-equilibrium flow, and experimental data is available for comparison by Lehr [17] . The inflow conditions are: the free-stream velocity is 1892 m/s, temperature is 291 K and the pressure is 24797 Pa. The sphere boundary is treated as an inviscid non-penetration one, where non-catalytic condition is imposed as ⁄ = 0 with n denoting the normal direction. The grid number is:
n streamwise ×n normal ×n circumferential =63×71×31. Because of the steady nature, LU-SGS is chosen for temporal approximation.
In Fig. 2 , the temperature contours show a well agreement of predicted shock profile with that of the experiment. In Fig. 3 , distributions of pressure and temperature are drawn along the stagnation line, while mass fraction distributions of various species are shown in Fig. 4 . From the figures, good quantitative agreement is obtained between the computation and experiment, which indicate the solver is qualif ied to solve flows with chemical reaction. (Lines : computation; Symbols: experiment)
Results.
Using the methods discussed in Section 2, simulations are made on a 2-D rotating detonation.
The case setup and results of the computation are introduced first.
Case setup.
A rectangular domain is used for 2-D simulation as the approximation of an unwrapping of 3-D circular chamber. In 2-D situation, x-and y-axis correspond to the axial and circumferential directions in 3-D counterpart respectively. The range of the domain in x and y direction is: 40 mm×100 mm. Mixtures of H 2 /Air are used as reactants injected at the head wall where x=0, and the stoichiometric ratio is selected for reactants or the Mole ratio for H 2 , O 2 , and N 2 is 2:1:3.76.
The stagnation parameters of the injection and the ambient pressure P e of the exhaustion are:
0 =0.35MPa, 0 =300K, and =0.1MPa. In order to investigate the effect of grid size, three sets of grids are used with increasing number (n x ×n y ) as: 201×501 for Case 1, 401×1001 for Case 2 and 801×2001 for Case 3. In order to elucidate why grids with different resolutions are chosen, the similar situation in studies on boundary-layer instability is used for explanation. It is well known that unstable structures there cannot be reproduced by simulations when coarse grids are used, but corresponding grids are usually qualified to describe the steady parametric profile accurately for instability analysis. If keeping refining grids, unstable structures in boundary layers can be resolved finally when the grid length-scale is small enough. Similar idea is employed in current study as shown in Section 4:
relatively coarse grids are first used in Case 1 and quasi-stable flow field is obtained which serves as the base one for instability analys is; with the refinement of grids in Case 2, ripples occur at the reactant interface, which reproduces the observation in Ref. [14] and is also regarded as a preliminary show of the instability; when grids are further refined in Case 3, ripples are replaced by well-organized vortex-like subtleties, and mechanisms especially extra ones are planned to discuss in Section 4. Table 2 . It can be seen that an overall error of less than 10% is acquired, and the error becomes smaller as the grid is refined. In order to check the mass conservation, the specific mass flux ratio
where ̇( ) = 1 ∫ • with L being the circumferential length at the inlet, and the subscripts "in" and "out" denote the injection headwall and exhaust boundary respectively. Although the histories of ̇ and ̇ show an oscillatory manner, the ratio of mass flux has a value oscillating around one. In Table 2 To explore the features of the detonation, instantaneous distributions of variables are checked in Fig.6-7 at the inlet and exit boundaries, where the result of Case 2 is chosen for illustration. In Fig. 5 , the pressure spike at inlet is clearly resolved, which denotes the onset of the detonation.
Using P 0 as a reference, it can be seen that at the inlet range (x=1.9∼5.3cm) the pressure is above P 0 , which is consistent to the blockage of the fuel injection. At the range (x=4.1∼7.8cm) on exit, the pressure has a distribution approximately along P=P e , which implies the subsonic exhaustion therein (see boundary condition in Section 2.3). In Fig. 6 , a non-zero distribution of v velocity at inlet exists at about x=1.9∼5.3cm, which implies the blocking state after detonation as shown in Fig. 5 . What is more, the existence of negative distribution indicates the continuous expansion after the detonation, which is consistent to the result in Ref. [21] . In addition, a velocity discontinuity at x≈4.1cm on the exit boundary is observed, which indicates the intersection of the oblique shock with the boundary. It can be seen that the flow before the shock wave has a negative v velocity and the one after the shock has a positive velocity, which implies the flow moves toward the shock at the exit. The irregular distribution after the shock implies the complex waves exist in the flow field. 
Instability at interface between fresh reactants and products from previous cycle.
In previous literatures, interests regarding flow instability mainly concerned about the one of the contact discontinuity, which is originated from the inflection point where the detonation wave intersects with the oblique shock wave. In this section, the flow instability at the upstream interface between fresh injections and products from previous cycle is studied. In Ref. [14] , Hishida et al. first showed the ripple structures existing on the interface (abbreviated as interface next), which was thought to be generated from Kelvin-Helmholtz instability. In order to get in-depth understanding about the mechanism, computations using high-order schemes are carried out in three grids with refining length-scales.
In Fig. 7 , instantaneous temperature contours at three grids are shown at certain moments when detonation waves move at approximately the same location. In Case 1 with the coarsest grid, the computation yields a smooth description about the interface (see Fig.7(a) and Fig. 8 ), which is consistent to results in most literatures. The quasi-triangular zone of low temperature indicates a region of high dens ity, and therefore a distinct feature of contact discontinuity is manifested at the interface. In Fig. 7(b) , rippled structures are resolved with the grid refinement, which is quite similar to that by Hishida et al. [14] . Especially, there is obvious intrusion of the burned gas into the reactants, which might extrude the neighbor combustibles to form an "unburned gas pocket" [14] . To further explore the instability structure, a further refined grid is chosen in Case 3, and the result is shown in Fig. 7(c) . It is definite that typical vortex-like roll-ups arise at the interface, and the size of the structure appears irregularly, i.e., relatively larger structures appear accompanying with the several smaller ones. What is more, intrusions in the form of slim tails are only observed from reactants into products, while the counterpart structure from products to reactants is absent.
Such phenomenon indicates the role of the reactant and product is not equal in flow instability. Based on above observations, it is implied that there be extra complexities in the flow-field, which are previously less concerned and might contribute to flow instability. After carefully checking, two additional mechanisms are proposed besides Kelvin-Helmholtz instability [14] , i.e., the effect of baroclinic torque and Rayleigh-Taylor instability. Detailed analyses are made subsequently.
(1) Kelvin-Helmholtz instability.
In this part, an analysis similar to Ref. [14] is repeated but with more detail. Because of the relatively less grids in Case 1, the flow there appears more stable and corresponding results can be treated as the base flow for stability analysis. Before further discussion, a transformation is first invoked by subtracting the velocity field with the circumferential speed of detonation wave, i.e., 1850.41m/s, so that the detonation wave could keep stationary theoretically. Then a coordinate system is configured for parametric study, where the origin is located at the joint point of detonation and oblique shock and x'-axis lies along the interface. Correspondingly, u' and v' denote velocities in x' and y'-direction. The schematic of the system is shown in Fig. 8 . Under the new system and velocity transformation, it is found that the flow moves in a direction along x'-axis or the interface, and different velocities exist on different sides. Hence, a typical shear layer is generated with nearly parallel flow in each side. In order to check the flow quantitatively, two points in Fig. 8 are chosen as P a and P b at (1.02434,0) and (0.499, 0), and vertical distributions of velocity u' and density ρ through two points are drawn in Fig. 9 . From the figure, it can be seen that distributions show approximately shear-layer profiles. If the state below the x' axis is denoted as "1" and the one over it is denoted as "2", then typical flow characteristics can be acquired from Fig. 9 and summarized in Table 3 . Using the formula of convective velocity by Papamoschou and Roshko [19] , i.e., = ( 1 ′ 1 + 2 ′ 2 ) ( 1 + 2 ) ⁄ , the averaged speed can be evaluated as U c =1980.45m/s. Because U c is thought to approximately represent the movement of the large scale vortex [19] , it can also be derived from numerical result for comparison. In this regard, the result in Case 3 is chosen because the vortex-like structure there is rather discernible and easy to track.
The initial location of the vortex for tracking is visualized by a box in Fig. 7(c) , then U c is numerically derived as 2000m/s. Compared with the prediction, it can be seen that the difference is small. Therefore, as referred by Ref. [14] , the Kelvin-Helmholtz instability should be one of the mechanisms contributing to the flow instability.
To visualize the structure of unstable structures, a further transformation is imposed on the velocity field (u', v') by subtracting the value U c . Choosing the typical moment as that in Fig. 7(c) , the instantaneous local streamlines and zoomed-in temperature contours are drawn in Fig. 10 , and the region of streamlines is indicated by a box in Fig. 10(b) . In Fig. 10(a) , distinct vortex structures appear, and their convection effect is supposed to induce wavy structures of the interface, which is consistent to that appeared in Fig. 10(b) . It is well-known that the temperature is usually used as an indicator in passive scalar study in turbulent flow to show the evolution of the interface, and in current situation the practice also favors the choice of which as the visualization variable. In ordinary mixing layers, the pressure are usually consistent in the normal direction of the shear layer although the density might be different on different sides of the layer. In such situations the base-flow profile at least should not generate strong baroclinic torque. In the scenario of rotating detonation, the reactants are injected from high-pressured manifolds and subjected to continuous expansion until they meet products from previous cycle with relatively smaller density. Hence both gradients of pressure and density coexist at the interface and the effect of baroclinic torque might occur if their directions do not coincide with each other. To investigate this possibility, the distribution of dimensional � Fig. 12(a) and the derived vorticity flux is shown in Fig. 12(b) , where the abscissa is the distance measured along the fuel interface to the detonation/oblique-shock conjunction. It is definite that the vorticity flux shows an overall increase along the shear layer, which indicates the existence of baroclinic torque. With the increase of the vorticity, the shear strength is enforced, and the interface instability is potentially increased.
It is worth mentioning that there should be deflagrations along the interface which might influence the vorticity generation as well. Because simulations in this study are still not advanced enough, such effect is less quantified and will not be discussed currently. It is known from above discussions that the density of injected combustibles is different from burnt products. In rotating detonation, on the one hand the burnt gases will flow downstream with expansion, on the other hand in x-direction and away from the detonation, the burnt gas will endure strong expansion. Therefore the density of injected reactants is overall larger than adjacent products, which has been shown in Fig. 9 . In hydrodynamics, if a heavy fluid flows toward light one with acceleration, Rayleigh-Taylor (R-T) instability might happen. During the process, some typical structures are known as [20] : spikes of heavy fluid will extrude into the light medium, while bubbles will be generated from the light fluid towards the heavy one. The structures are sketched in Fig. 13 from the courtesy of Ref. [20] . Recalling the results in Fig. 10 , although not appeared in canonical symmetric forms, spike-and bubble-like structures all emerge. The phenomenon highly indicates the existence of R-T instability, and therefore it is necessary to check the occurrence conditions of the instability in rotating detonation.
First the Atwood number of the base flow is numerically derived along the interface by using the result of Case 1. From Fig. 9 , the density distributes not uniformly in the upstream and downstream of the interface, but the location marking the region of discontinuity can be defined (see locations pointed by arrows in the figure). Hence the density at two places can be probed from the distribution and the Atwood number is evaluated thereby by using ( 1 − 2 ) ( 2 + 1 ) ⁄ .
Following the same positions as that in Fig. 12(a) , the distribution of Atwood number is acquired and drawn in Fig. 15(a) . In the meanwhile, the velocity information along the trace is obtained thereafter. The history of the velocity is shown in Fig. 15(b) . Because the initial tracking point is very close to the interface, the velocity of the point is supposed to approximately represent the movement of the interface (see Fig. 15(a) ). From the figure, the interface shows an accelerating movement until it impinges on the detonation wave at ≈ 315 . In detail, at 282 ≤ ≤ 299 , the interface moves in acceleration about 18×10 6 m/s 2 ; afterwards at 299μs < ≤ 315μs, the acceleration velocity slows down to about 5.86×10 6 m/s 2 . Therefore according to the computation, the interface moves in a relative stable accelerating manner from heavy reactants to light products. Similar outcomes are acquired by using results of Case 1 and 3. Hence, the two important occurrence conditions of R-T instability are satisfied. Recalling the appearance of spike and bubble-like structures, the occurrence of R-T instability is indicated. In summary, three kinds of mechanisms are investigated which should contribute to instabilities of rotating detonation, and especially evidences are provided for the two different from K-H instability. Three mechanisms are supposed to integrate together and generate specific structures along the interface.
Conclusions
Using the fifth-order WENO-PPM5 scheme to solve Euler equations with 7-species-and-8-reaction chemical model, the interface instability of a 2-D rotating detonation is further numerically studied. Three sets of grids are designed and results with different resolutions are obtained. Besides the already mentioned K-H instability, two other mechanisms are proposed, i.e., the effect of baroclinic torque and R-T instability. Brief conclusions are drawn as following:
(1) The velocity of the vortex movement at the interface is numerically derived, which is very close to the prediction by the formula of convective velocity. The quantitative coincidence confirms the validity of K-H instability as the important mechanism to generate the interface instability.
(2) The contribution of baroclinic torque with distinct magnitude is found at the interface, and the increase of vorticity magnitude is caused thereafter. The analysis indicates that the effect of baroclinic torque should increase the shear strength and the potential of instability.
(3) Separated by the interface, the heavy fresh reactants is found to inject toward the light burnt product in acceleration. Besides, typical spike-and bubble-like structures are found at the interface, which strongly suggests the occurrence of R-T instability.
In this study, the 7-species-and- 
